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COMPARISON OF NAVIGATION SYSTEMS
IN EARTH ORBIT

By Michael J. Oles, USAF

SUMMARY

Three procedures have been studied to determine which best utilizes
the capabilities of the S-IVB instrumentation unit (S-IVB IU), command
module (CM), and ground navigation systems during the earth parking
orbit (EPO). The procedures are (1) using the S-IVB IU alone, (2) com-
bining the IU and ground, and (3) combining the CM system and ground.
The systems were evaluated by determining the velocity required (i.e.,
AV cost) for the first translunar midcourse correction (MCC) using
existing error analysis programs.

The results of the study show that it is desirable, but not neces-
sary, to update the S-IVB IU estimate of position and velocity in the
EPO. If the CM navigation system is prime for navigating through the
TLI maneuver, it is desirable to perform an inertial platform alignment
in EPO. The S~IVB IU platform drift in EPO appears to contribute
greatly to the AV cost of the first MCC.

The study indicates that, for the first 10 hours after translunar
insertion (TLI), the time the first MCC is performed does not signifi-
cantly influence the size of the correction. The AV cost does not seem
to differ for various launch azimuths, lunar declinations at pericynthion,
and the constraints they cause on the tracking profiles.

The AV costs presented in this report should not be considered as
being actual; rather, they should be considered as criteria for comparing
the three navigation systems.

INTRODUCTION

In the earth orbit phase of the Apollo lunar landing mission there
are three navigation systems operating - the S-IVB IU, the CM guidance
and navigation equipment, and the ground tracking complex. For conven-
ience, the S-IVB navigation system, hardware, and software will be
referred to as the IU in this report. To determine the navigation pro-
cedure which best utilizes these capabilities, estimates of the uncer-
tainty in position and velocity were computed and evaluated in terms
of the first midcourse correction for three navigation procedures - IU




alone, IU and ground, and CM and ground. In studying the procedures
the following areas were investigated:

1. Whether to update the IU estimate of position and velocity
with the ground estimate.

2. The use of CM instead of IU navigation to execute the TLI
maneuver.

3. The effects of platform misalignment and other hardware errors
on the first MCC AV cost.

4. How the time of the first MCC affects AV cost.

5. The influence of launch azimuth and lunar declination at peri-
cynthion on the first MCC AV cost.

The S-IVB IU Navigation System

The IU contains a navigation system which can maintain an estimate
of position and velocity (R and V) throughout the launch phase, earth
parking orbit (EPO) phase, and TLI maneuver. During the EPO phase,
the IU integrator includes the effects of an atmospheric model, a venting
model, and four zonal harmonics, but no accelerometer readings.

During the launch phase and the TLI maneuver, the IU accelerometers,
which are attached to an inertially oriented platform, measure vehicle
accelerations due to thrust. These acceleration measurements are
passed to a predictor which integrates thrust acceleration as well as
the gravitational accelerations (including the effects of two zonal
harmonics) to obtain R and V.

A ground-computed R and V may be transmitted during EPO to replace
the IU-computed R and V. Replacement of the onboard-computed vector
by a ground-computed vector is called an update.

Although it may drift from its inertial orientation, the inertial
platform within the IU cannot be realigned after the launch phase has
begun.

The CM Navigation System

The CM contains a navigation system which is capable of maintaining
an estimate of R and V during the entire lunar landing mission. Because
its free-flight integrator does not consider atmospheric or venting
accelerations, the CM estimate of position and velocity during EPO will
be updated prior to TLI. During EPO, the CM inertial platform may be
realigned. The thrust accelerations during powered flight are measured




by accelerometers attached to an inertial platform within the CM. These
readouts are passed to its predictor which integrates the gravitational
and thrust accelerations.

Ground Navigation System

The ground navigation system can determine an estimate of the
vehicle's position and velocity during all mission phases. The following
sources of information can be used to obtain this estimate:

1. A global network which includes unified S-band (USBS) and
C-band tracking facilities.

2. IU- or CM-computed R and V vectors telemetered to the Real-Time
Computer Complex (RTCC).

3. Vehicle vectors computed by RTCC free- and powered-flight
integrators.

The information obtained from these three sources can be combined
at the RTCC to obtain a ground-estimated vector.

During EPO, the RTCC free-flight Encke integrator includes a
gravitational model with one tesseral and three zonal harmonics, the
perturbative effects of the sun and moon, and venting and atmospheric
models. At insertion into earth parking orbit, the IU estimate of
R and V may be used by the ground navigation system as its initial
estimate. After the TLI maneuver the ground navigation system determines
the position and velocity of the vehicle.

ANALYSIS
The three navigation systems were compared in the following manner.

The statistical deviation of the estimated from the actual R and
V(covariance matrix) at the start of TLI was computed for the three
procedures using various launch azimuths and injection opportunitites
(appendix A). These deviations were then propagated through the TLI
maneuver considering, as applicable, either IU or CM navigation errors
during the maneuver (appendix B). The covariance matrix at the end of
TLI represents the deviation of the IU or CM estimate from the actual
R and V. This study assumes that if this deviation were zero, the
vehicle would pass through the desired TLI target position near the
moon; i.e., the estimated and desired R and V were assumed equal at
TLI cutoff. The covariance matrices at TLI cutoff, considered to
represent deviations of the actual from the desired R and V, were then
propagated to the time of the first MCC. The AV cost of the correction



was computed as a function of the covariance matrix at the time of the
first MCC (appendix C). ‘

RESULTS

Table I concisely presents first MCC AV costs for each of the
three combinations of navigation systems. The first MCC was assumed to
occur either 5 or 10 hours after TLI. The following discussion refers
to the first MCC when made 5 hours after TLI. A comparison of the IU
alone against the ground and IU navigation systems combined is presented
for a T72.6° launch azimuth and -27.5° lunar declination in table I.
These conditions offer a TLI opportunity at 86.0 minutes after EPO
insertion (EPOI). 1If a vector update of the IU occurs 50 minutes after
EPOI (see appendix A for the various tracking profiles), the AV cost of
the first MCC is 3.35 fps. If the same conditions exist and no update
is made, the AV cost of the first MCC is 4.93 fps.

A second TLI opportunity having a 72.6° launch azimuth and -27.5°
lunar declination occurs 260.5 minutes after EPOI; this is probably
the longest time expected for the earth parking orbit phase. If an
update of the IU estimate is made 228 minutes after EPOI with this TLI
opportunity, the midcourse AV cost is 8.62 fps. When no update of the
IU is made, the AV cost of the first MCC is 12.75 fps.

When the TLI opportunity is close to the time of insertion
(86 minutes), the difference between the first MCC AV cost using both
the ground and IU and using the IU navigation alone is about 1.5 fps.
When the TLI opportunity is far from insertion (260.5 minutes), the
difference is about 4.1 fps.

If the IU inertial platform is considered to drift in the EPO and
if the IU is updated 50 minutes in the EPO with an injection opportunity
86.0 minutes in the EPO, the AV cost is 3.35 fps. It would be 2.09 fps
if the platform did not drift in EPO. The AV cost due to platform
drift is therefore 1.26 fps.

If the IU is not updated and the TLI opportunity occurs at
260.5 minutes after EPOI, the AV cost due to platform drift in earth
orbit is 2.77 fps.

A comparison of all three navigation system combinations (IU alone,
IU and ground, CM and ground) is also presented in table I. Based on
a 90° launch azimuth and a -27.5° lunar declination, a TLI opportunity
occurs 176.0 minutes after EPOI. If a vector update of the IU occurs
135 minutes after EPOI, the AV cost for first MCC is 5.88 fps; with no
update, the AV cost is 8.24 fps. If the CM vector is updated, the AV
cost is 12.6 fps if the CM platform is not realigned in EPO and 8.51 fps
if it is realigned.



Table II presents the results in more detail. The table presents
the difference between IU and ground combined and the IU alone and the
difference between the IU and ground combined and the CM and ground
combined. Table IIT details the AV cost at the first MCC as a function
of individual error sources. The results in table II and table III are
graphed in figures 1 through k.

CONCLUSIONS

From the results of this study (tables I and II and fig. 1 through
4), the following conclusions are drawn.

1. In view of the small AV saving which occurs when the S-IVB IU
estimate of position and velocity is updated in EPO, it appears to be
desirable, but not necessary, to perform the update.

2. From figure 3 it appears that, up until two revolutions in the
EPO phase, the IU performs the TLI maneuver with no update better than
the CM can with a platform aligmment in EPO and a ground-computed vector
update used as the spacecraft's position and velocity vector at the
start of TLI. When a ground update of the CM vector has been made as
explained in the appendices, but no platform alignment is effected,
the AV cost of the first MCC always appears to be worse than if the
S-IVB IU navigated through the maneuver but had no ground update in
EPO.

3. IU platform misaligmnment appears to be the major contributor
to the AV cost as portrayed in figures 1 through 3. Figure 3 indicates
that it is quite desirable to align the CM inertial platform in EPO.

k. This study indicates that the time the first MCC is performed
does not significantly influence the size of the corrections for the
first 10 hours after TLI.

5. The AV cost of the first MCC did not seem to differ signif-
icantly for various launch azimuths, lunar declinations, and the con-
straints they cause on the tracking profiles, when similar times of
TLI opportunities were compared.
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TABLE III.- EFFECT OF INDIVIDUAL ERROR SOURCES ON THE FIRST MCC

AV cost of
st
the 177 MCC
Approximate time st st
Time of TLI, of vector update Individual error sources 1~ MCC 1" McC
minutes after (if applicable), of the ground and IU. S hours 10 hours
EPOTI minutes after EPOL after TLI |after TLI
Anytime Anytime® IU scale factor and bias | 0.45 0.60
during TLI. Other IU
navigation hardware and
software perfect.
Launch azimuth and lunar declination not applicable
86.0 %86.0 IU launch pad misalign- 2.92 2.88
101.0 2101.0 ment and drift to TLI. 3.3k 3.29
173 0 173.0 Other IU navigation hard-| 5.43 5.35
188.5 £168.5 ware and software perfect| 5.89 5.80
260.5 #260.5 8.0k 7.92
72.6° Launch azimuth; -27.5° lunar declination
86.0 - IU estimate of position 3.94 L.84
101.0 - and velocity at the L. 48 5.36
173.0 - start of TLI in error 6.23 7.07
188.5 _— due to IU navigation 7.04 7.90
260.5 — errors during the launch 9.88 10.7
and earth orbit phases.
Perfect IU navigation
during the TLI maneuver.
72.6° Launch azimuth; -27.5° lunar declination
86.0 b50.0 IU estimate of position 1.58 1.84
101.0 bbso.o and velocity at the 2.8k 3.38
173.0 b136.0 start of TLI in error 2.7 3.19
188.5 b136.0 due to ground navigation 2.78 3.09
260.5 228.0 error and IU earth orbit 3.07 3.67

navigation error from
the time of the update
to the start of TLI.
Perfect IU navigation
during the TLI maneuver.

Sperfect update uplinked to IU.

bSee Appendix A for ground track profile.
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APPENDIX A
EARTH PARKING ORBIT PROCEDURES

This appendix presents the procedures used in the EPO to generate
covariance matrices expressing deviations of the onboard estimate of
position and velocity from the actual position and velocity at the start
of the TLI maneuver.

The matrices were computed under a separate task (ref. 1), using
the Bissett-Berman Orbit Error Analysis Program (BBOEAP). A detailed
_discussion on the program is found in reference 2.

The TLI injection opportunities depend on the launch azimuth, lunar

declination at pericynthion, and constraints in the updating procedures.
The injection points are given in table A-I.

Table A-I was obtained by determining the latitude and longitude

of the vehicle at TLI and the time of TLI with the Bissett-
Berman Visibility and Ground Track Program (BBVGTP) - (ref. 3).

The BBVGTP was also used to determine the C- and S-band stations
capable of observing the vehicle for various earth parking orbit
insertion conditions. Table A-IT was formed considering only C-band
tracking in EPO with the possibility of a C-band or S-band station
updating the onboard vector. It includes the preliminary mission
constraint that the update, if it occurs, must be made 30-90 minutes
prior to TLI. Observations of range and azimuth and elevation angles
taken by the C-band stations occurred at 6-second intervals.

The covariance matrices expressing the deviation of the estimated
from the actual values were propagated in EPO to the start of TLI.
This study assumes the ground navigation system has no knowledge of the
vehicle's position and velocity at insertion into earth parking orbit.
During periods of no tracking, the covariance matrices of the ground-
computed estimates were propagated considering errors in the venting,
gravitational, and drag accelerations. During tracking intervals,
errors in the observables were considered in the covariance matrices.
Table A-III includes the ground track error model assumed for the ground
navigation system.

If the IU estimate is updated in earth orbit, its estimate at the
start of TLI deviates from the actual because of the error in the update
and error in the IU prediction model after the time of the update. If
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the IU estimate is not updated in earth orbit, the error at the start

of TLI is due to the error in the IU earth orbit insertion conditions

and the error in the IU prediction model in earth orbit. This stud
assumed the ground and IU navigation systems nad the same free-flight
prediction model. The errors in both, during free flight and periods of
no tracking were modeled as gravitational, venting, and drag acceleration
uncertainties shown in the footnote to table III.

The error in the IU estimate of position and velocity at insertion
into an earth parking orbit was obtained in the following manner:

Reference 4 describes the deviation of the actual from the IU
estimate of the position and velocity of the vehicle at insertion due
to 30 navigation errors. The dispersions are 30 based on 30 perturbations
of the navigation parameters. Although the covariance of the onboard
uncertainty was not explicitly given at insertion, it was built in the
following manner. Let

r .
3hxy  3Mx, 3bxg 0 3Bxg,
o o o o
Pl P2 P3 P30
1 3y, 3bvp 3ty c M =
3 o} e o o
Pl P2 P3 P3O
3Azl 3Az2 3Az3 L 3Az30
o o o o
Pl P2 P3 P3O
- - 6)(30
and P = diagonal (OP . OP . cé s cee s 0% Y30 X 30
1 2 3 30

where (3 AS, ), i=1, 30; S=x, 7y, 2z, X, ¥, z are the 30 dispersions
of the stat? at insertion and Ip » i =1, 30 corresponding to the

i
navigation uncertainties.
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T

Then 96 x 30 P30 % 30 Q3O'x 6 =

(covariance of state at insertion)6x6

obtained by

1 . . . . ¢ 2
O'ij = 5 (3A lk) (3A Jk) 1, J T X3 7¥s 2, X, 79, 2

where k is the navigation parameter causing the particular dispersion.
Thus,

2 _ 1 1
ik = 5 (34 xl) (34 xl) *3 (3a x2) (34 x2) +
1
e b5 (34 x3o) (38 x30)
and
62 =% (3ay.) (30 z)+% (3ay.) (38 z) +
yz 9 1 1’79 Yo 2
1
e vy (34 y30) (3A z30)
ete.

The covariance matrix obtained at insertion was expressed in a
plumbline system defined at lift-off as follows:

The Y-axis parallel to and positive to the vehicle radius vector
at lift-off.

The X-axis in the plane of the vehicle's motion, positive down-
range, perpendicular to y.

The Z-axis completes a right-handed orthogonal system.

It was rotated to the local vertical system to be used in the
BBOEAP. The local vertical system is defined as follows:

The X-axis parallel to and positive in the direction of the vehicle
radius vector at the time of interest.

The Y~axis is in the plane of the vehicle's motion positive down-
range, perpendicular to X.

The Z-axis forms the right-handed orthogonal system.

The rotation was accomplished in two steps. The first was to
rotate the matrix into the local vertical system defined at lift-off.
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Denoting the local vertical system by primes,

" 8x ") i 0 A [ax) AX ]
Ay 1 0 0 Ay ry
Az -1 Az R Az
AX" 1 of|ax Ax
Ay! of | ay Ay

a2 L 0 0 -1} |az] 22 ]

where O denotes the null matrix.

Taking the expectation of both sides, P' = R P RT, where P is the
covariance of the state in the plumbline system and P' is the covariance
of the state in the local vertical at time of launch. P' was then
rotated through the central angle between the launch pad and insertion
vector by an in-plane rotation about the z' axis. This central angle is
dependent on the launch azimuth (see ref. 3).

Launch azimuth, Central angle,
deg deg
72.6 - 27.848
90. 25.546
108. 27.65k4

Table A-IV presents the covariance matrices associated with these
three launch azimuths at EPOI.

All of the covariance matrices presented in this report are in units
of feet and feet per second expressed in a local vertical system defined
at the time of interest.

The form of the covariance matrices is
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The covariance matrices at EPOI (table A-IV) express the deviation
of the S-IVB estimate from the actual in the local vertical system
defined at EPOI for the three launch azimuths.

Table A-V presents the format of the covariance matrices at the
start of TLI (table A-VI) considering update or no update of the IU
estimate in earth orbit.
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TABLE A-I.- TLI OPPORTUNITIES

Launch azimuth, Lunar declination, Injection opportunities,
deg deg minutes after EPOI

T2.6 +27.5 131.
1k45.
218.
232,

Ul \n

72.6 -27.5 86.
101.
173.
188.
260.

AN |

90. -27.5 168.
176.
256.

108. -27.5 85.

‘ 157.
iT72.
2hk,

ARG V)]




TABLE A-ITI.- TRACKING VISIBILITY PROFILE
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Injection opportunity

Station

Tracking
interval,
minutes past
earth parking
orbit insertion

Injection,
minutes past
earth parking

orbit insertion

(a) -27.5° Lunar declination, 72.6° launch azimuth

1st Atlentic injectiona

1lst Pacific injection

2nd Atlantic injection

2nd Pacific injection
(same tracking as
for lst Pacific
injection plus the
adjacent)

3rd Atlantic injection

2rd Pacific injection
(same tracking as
for 2nd Pacific
injection plus
the adjacent)

CYI
CRO
CNB'b,c
Same as for
1st Pacific
injection

WHS
EGL
cnv
EDA
CYT
CroP

Same as for
2nd Pacific
injection

CAL
WHS
EGL
CNV
BDA
PRE
CROP, ¢

6.5 - 10.6
42,3 - 4h,1
ho,1 - s52.7

Same as for
lst Pacific
injection

80.1 - 82.2
82.9 - 87.1
8L.3 - 88.2
88.3 - 91.9
98.9 - 102,k

135.6 - 136.2

Same as for
2nd Pacific

injection
169.2 - 171.5
171.1 - 175.2
175.3 = 179.3
177.0 - 180.4
180.0 - 184,1
207.8 - 210.4
226.5 - 230.1

86.0

101.0

17340

188.5

26005

aInjection opportunity does not meet the 30 - 90

bUpdate occurred over the station.

cNo C-band tracking.

minute update criteria.
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TABLE A-II.- TRACKING VISIBILITY PROFILE - Continued

Injection opportunity

Station

Tracking
interval,
minutes past
earth parking
orbit insertion

Injection,
minutes past
earth parking

orbit insertion

(b) -27.5°

Lunar declination, 90O launch azimuth

1st Atlantic injection®
lst Pacific injectiona

2nd Atlantic injectiona

2nd Pacific injection CRO 41.5 - U5.7 168.0
HAW 66.9 - 69.7
CAL 76.6 - 78.6
WHS 78.7 - 82.5
EGL 83.0 - 86.9
CNV 8)1»03 - 880)4—
ANT 89.6 - 93.3
ASC 103.4 - 106.8
PRE, 114.5 - 118.5
CRO 1343 - 1374

3rd Atlantic injection Same as for Same as for 176.0
2nd Pacific 2nd Pacific

injection injection

2rd Pacific injection HAW 158.5 - 162.7 256.0
(same tracking as for CAL 168.3 - 171l.1
2nd Pacific injection WHS 171.2 - 17h.h
plus the adjacent) EGL 176.3 - 177.8
CcNy 177.8 - 179.2
GBI 178.0 - 180.4
GTI 179.5 - 183%.0
ANTb 182.1 - 185.5
ASC 196.0 - 198.9

aInjection opportunity does not meet the 30 - 90 minute update criteria.

bUpdate occurred over the station.




TABLE A-II.- TRACKING VISIBILITY PROFILE - Continued

Injection opportunity

Station

Tracking
interval,
minutes past
earth parking
orbit insertion

Injection,
minutes past
earth parking

orbit insertion

(c) +27.5° Lunar declination, 72.6° launch azimuth

lst Atlantic ipjectiona

1lst Pacific injectionar

2nd Atlantic injection

2nd Pacific injection

rd Atlantic injection
(same tracking as
for 2nd Atlantic

injectlion plus the
adjacent

3rd Pacific injection

CYI
CRO
WHS
EGL
CNV
BDAP

Same as for
2nd Atlantic
injection

CYI
CRO
CAL
WHS
EGL
CNV
BDAP

Same as for
3rd Atlantic
injection

5 - 10.6
3 - Lh1
1- 8.2
9 - 87.1
3 - 88.2
8 - 91.9

Same as for
2nd Atlantic
injection

98.9 - 102.4
135.6 - 136.2
169.2 - 171.5
171.1 - 175.2
175.3 - 179.3
177.0 - 180.4
180.0 - 184.1

Same as for
5rd Atlantie
injection

131.0

1)4'5 .0

218.5

232.5

aInjection opportunity does not meet the 30 - 90 minute update criteria.

bUpdate occurred over the station.
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TABLE A-II.- TRACKING VISIBILITY PROFILE - Concluded

Injection opportunity

Tracking
interval,
minutes past
earth parking
orbit ingertion

Station

Injection,
minutes past
earth parking

orbit insertionj

(d) -27.5

Lunar declination, 108° launch azimuth

1st Atlantic injection®
1st Pacific injection®

2nd Atlantic injection

2nd Pacific injection
(same tracking as
for 2nd Atlantic
injection plus the
adjacent

3rd Atlantic injection
(same tracking as
for 2nd Pacific
injection plus the
adjacent)

3rd Pacific injection
(same tracking as
for 3rd Atlantic
injection plus the
adjacent)

ANT 0.0 - 1,1
ASC 10.7 - 1k.7
PRE 22,3 ~ 25.9
CRO 2 L - kb1
GUAP »¢ sL.4 - 56.0
CAL 7542 ~ 79.2
WHS, 78.3 - 82.2
TEX 81.0 - 8k.5
EGL 84.0 - 84.5
GTI 87.8 - 89.5
PRE 115.6 - 117.5
quab - ¢ 145.4 - 149.0
CA 168.L - 169.8
GYﬁb’c 170.1 - 173.k4

85.0

157.5

172.5

2Lh.5

aInjection opportunity does not meet the 30 -

bUpdate occurred over the station.

®No C-band tracking.

90 minute update criteria.
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TABLE A-IV.- COVARIANCE MATRICES OF IU ESTIMATE AT EPOI FOR _VARIOUS LAUNCH AZIMUTHS

T72.6° Launch azimuth

: r

0.24H434E Ub =y,180499L 06 =0,790528E 03 0.,983913E 03 =0.515144F 03 ~0,377653E ni

=0,166499E U6 (.185955c 06 0.373498€ 03 =0.780784E G3 0.490326F 03 0.223698f 01
=0,790528E U3 (,373498E U3 0.295004E 06 =0.459138E 01 0.134469E 01 0.87496BE n3
D.983IFIJE O3 =0. 7807864t 03 ~0.459138E 01 0.4ngI43E 01 =0.216422E 01 ~0.192262E-01
=0.,515144E U3 (,490326c 03 0,134469E 01 =0.,216422E 01 0.132271F 01 0,709504F=-02

=U.377653E ul~ (,223698c 01 0,B74968F 03 =0,192262E-01 0,709504E-02 0,275595¢ 01

/

90° Launch azimuth

0,299309E U6 =0,183551E 06 =0,804892E 03 0,103513E o4 «0,493244E 03 =0,386334E o1
=0.,183551E 06 0,171079: 06 0D,3uluubde 03 =

«0,8U4892E 03 (,34l84uEg 03 0,295004E 06 =0.464169E 0l 0,11591aF 01 0,874968E 03‘_

01 .
«0.493244E 03 (,439111E 03 0,115918€ 01 =0.204780E 01 0,115339€ 01 0,631706E«02
E \ : - v

108° Launch azimuth

-~ '

0.245696E U6 =0,186297¢ 06 =0,791788E 03 0.,9R829SE 03 =0,513458F 03 =-0,378409% 01
06 0,370819€ 03 =0,7 03

w0e791784E 3 (.,370819¢ 03

_p.222418¢ 01
0.295004E 06 =0.459591E 01 0,132913F 01 0.874968E 03
. . 0v10

=0

__0.988298E (3 =(,779098; 03 =0,45
«0.543458E U3 (L 4BO9UUE 03 0,132913F 01 «0.2185494E 0l 0.130808F 01 0,702990E=02
_=0,37840gE 4l 0,222418¢ Ol 0,.B874968F 03 «0,1925031€=gl 0,702904Fa02 0,275508E 04
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TABLE A-V.- FORMAT OF THE COVARIANCE MATRICES AT
THE START OF THE TLI MANEUVER

Time of TLI,
minutes after

Approximete time
of vector update

(if applicable),

Navigation system considered
and covariance matrix number

Ground and IU

EPOI minutes after EPOI U or /
(a, v) Ground and CM
(b)
72.6° Launch azimuth; +27.5° lunar declination
131.0 90.0 1 17
145.0 90.0 2 18
218.5 180.0 3 19
232.5 180.0 L 20
72.6° Launch azimuth; -27.5° lunar declination
86.0 50.0 5 21
101.0 50.0 6 22
173.0 136.0 7 23
188.5 136.0 . 8 2k
260.5 228.0 9 25
90° Launch azimuth; -27.5° lunar declination
168.0 135.0 10 26
176.0 135.0 11 27
256.0 197.0 12 28
108° Launch azimuth; ~27.5° lunar declination
85.0 55.0 13 29
157.5 83.0 1k 30
172.5 1k47.0 15 31
24L4.5 172.0 16 32

83ee table A-II for ground track profile.

]

bThe update was uplinked to the CM at this time, but the values
were those predicted by the ground navigation system to the
start of TLI. :




32

~ .
-

00 3000£6981°0 (9°9) 20-300€529€5°0 1549)

-

10~3005STETL°0 (7¢9)
10 300F24196°0 (94S)

*|71 Bupadsatd sjuaAe ay} jo
:o_a_b.m\% ® J0J A-Y 3|qe} UO JaquinU X}Jjew 30Ue}IRAOD 3Y) 818307

3660626£6°0-1249) 10
ETV N I v A LAY PALS B IV

300SL185€°0-(149)

aguzitizzeo=11%¢)

20-300£529€5°0 1945) 1u 300995016 %G Lazul

10-300SS1€1T1°0 (9%%) 10 300€€5L95°0 (6'%)
L 9e1°0 1t

10 366062€€6°0—19°2) ¥ 300085627°0-(542)
*N_(Q% . .

20=-300€ 666£5°0.1549)

€0 300€22061°C {7°'%)
) . L3

90 30031%691°0-(242)
L] .

10=300126862°0

€0 30069£S8S°U (£°9) 10
20 300ARIOF Y0 L£4) 90
2 300bERESLU0 (E4%) 90

sU

3002e66E1°0- (£

‘¢) ov
.b“ .

(24 9804°0 LE4E) SG 300Z¢n

3008 T96%1°0=(2*Y) wU
. .

300L416L1(°0 (2*2) L0
. ;8

30UB0USULS®0 (1Y)
: D eaad 1

300LBS 0¥ 0-1142)
1003%6922°0 41T

100B6LEG9% L 1€49) 20 306483964°0=42%9) 10 2000 T1E€2%0=4129)

10 300S6.962°Q 1(949) {(2'9) €0
20-300€666£8°0 (9°5) 1O 3I00S¥YLLEL®0 (5'9) 10 J00E610LY®°0 (9*s) 00 300<98YEY°D (€45) %0 300 L1099y °0-(2*s) v 30021206°0-114s)
10-300126462°Q (9°¥) IO 300£610.9°0 (S*%) £0 300699.61°0 (#%9) 00 3041900LE°0 €49) 93 3008 i i2(®u=12%9) 90 u.:o:-“n.: .-MF
€0 30086L€59°0 (9°c) 00 300Z98vEv°*U .m.m. 00 300T960LE®C (7'E) KN 300560191°0 (E*c) Yu 3009€€19¢%0-12%¢) €0 J0uE63612°0U-(T1%¢)
20 300/8996£°0-(942) %0 30011un89°0=-(%%2Z) 90 A0 1€ ie 1°0=Lt8'2) 90 I0USEE19Z2°0L=(C22) 60 el 2180 182) 40 30ulleell =112 )
10 3000TTE€2°0-19°1) €0 300212u¢o*U~-is*T) %0 J009GILTIE®D (9*1) &0 300£69612°0-(€£°1) Lu 300L1s812°0-12*1) LO 30068821)°0 (1°1)
S — - ‘ T “vth. o
00 30099e951°0 1949} 20-33GL98S09°0 (5'9) [0-300€1696€°0=-1%"9) €0 30uL02Teu®y (E*9) <O J007019€E*0 (2*9) 1C 300925%99°)-(1°9)
Z0-300198569°0 (9°6) 20 30064.901°0 (5°S) €0 I00LLEGYLIt0-17°s) 20 J90TS78L1%0 (v’s) 90 300195210 T2%6) GJ 39ucduoeira-{1*s)

. 10~300E1696€°I-194%) €0 3u0LLeaw(°C-1s'Y)
LIS
20 300¥0T%EE€°0 (942) 90 I0d19»221°9 Us2)

»0 3002L%2%2

0 {9%) 2) 30096%eUL®2-

Jeve0L U-(7°€) L0 300908L 1Y

(et9)

L9

300uLtLdec®0-t2ty) 92

30027L451°%0 (%)

(€%¢) S0 300e7L8L6°0 (2%¢) 90

370568591 J-11T%%)

L0 30004L022°0-(7%C) SO 300e948L5°0 (E*2) 01 30055L981°0 124¢) 50 30008119T°0-Li%2)

R OB 157432 A A AR L 30 JU0CTUILITU-{a* 1Y 30 JOUOSLTI6T™0 (%17 50 J0066859 ("C=T(E* 1) 63 30008 LAITTO=1Z*1T ©J JITUIC5951 0 (1°1]
.- —

lIlHd\NdddeHHNdd:Ad#du\AaﬂwqemNOHNﬂdo:ﬁﬂ*dq\AdﬂmadﬂANdddddHﬂM.a_ €0 JUCYOLESE0 (' 9) Z0 IGUOLESGER 0 (¢*IT <D ERBEIITTA S B A Sk

300L52795°0 (Z2*S) 3D 300429901°0-11%S)

0

300121002°0 (E*9) SV

10-300€20121°0 (9°s) 10 3000%9e28°0 {9°S) €O 300296811°0-1%4s)

lilddﬂwdqﬂﬂNﬂﬂc10”404#4!ﬂd\dd6~dmddﬂddndﬂdﬁqlﬂdiMGdMﬂ0ﬂﬁN4Q\dd4«4\AdluddﬂdddﬂwdQHAM&M«‘Nd‘MddﬂuﬂduAddﬂAM4dANduIMGUdHMdﬂdid|AAﬂdq|

€0 30090L4558°0 (9°*E) 10 3001210020 (6%e) U 300e€8325°C-17*E) 9D 4009€8082°0 (e*e) %0 3009e5601%0 (24c) %) 300219861 °0-t1%e)
[0 3009699 10=-1% T 2V JO09ESGC°0 (e ¢y Ul JOCECOLELYT (2T BJ 3000566 U-{1°¢]d

20 J000TESEY U 19°C7 5U JO0LSCII6 0 (87 ¢C)
20 3009652Z1°0-(9* 1) §0 300413001°0-ts* 1)

90 300eL€BSTI%U t2'1)

) 300213861°0-1E‘1)

00 30069$091°0 (9°'9) 20-3u091020L°0 (5*9)

10-3005€9602°0-(¥*9)

0 3006006€5°U (et9)

6 wwc@mvmwr.cc.m.,.

20 30G905L41°0 12¢9)

L] wOMMM«ONacc (e

L0 3009801L9°5-11%9)

-

Z0=30U9YT6Z0Z°0 (9°*5) 10 300567768 U (5757
10-3005£9602°0-19* %) ¢0 30086%129°0-15%%)

20U 30UEEY 90Ty '5)
€0 300B99€29°0 (v*Y)

¢ 3005CCOLT U (27S])
23 A0ouulhiEecu-LEY)

FPREPLELCACENC N
90 200%0Lcka®0-(c Y]

VP EERPRAAATAM AN A
GD 300357ial®J (L*Y)

€0 JOUBUUBES"T T9*EY <0 3008¢CHITTU 5'L)
20 300%0SLL1°0 19°2) SO 300988185°0 (442)

20 30005 TCeE~ 017 €] I 366 1801C0

90 30G%0L2e6°0-1%42)

ereT
<0 300%8265¢°0 (£°2)

||4Aﬂﬂda¢mquﬂa¢anac+aq\ao\maaMM¢mHm4qnam¢4qxuAﬂJaaﬂm«AmH‘d\4«4ﬂﬁ\ﬂﬂ$ﬁ::adﬂdaaqnan444

FIYRE (VL2 T4 TAG B XA 2]
60 3U027s3%°0 (<)

§0 FJ0PEYTYITG=(C T ¥J

FNEEPFIEEREA SO R B
8 30UBEYCHICI~L1°42)

FITOUITLT T LTI

10-300565021°0 (94s) 10 3J0606LL9°0 (6°S)

20 30012104%°0-(%*S)

Y0 300%62Z8L2°0 (9°9) 10-3J0655021°0 (5%91) [0=300SELT02°C=(7*9) t0 300L126%8°C €*9)

10 30012596(°0 (£°S)

300650L62°%0 (7Y
30006¢99€°0 (¢*S)

ic
S0

300LTcecl
3001L597L°9-(1%S)

aqnuqamm»_awqu‘a.¢m\u0xummdwﬂmﬂq.orqw %) €0 30016%60%°0 (7*7¥ 10 3008124610 T€¥%) 90 3006¢8d¢c*0-1 0Jcw0695°%3 (1%%
€0 300L1Z6%8°0 (9°€) 10 3001¢u$61°0 (s*E) (0 300812681°0 (7°€) 90 300161922°0 letg) wu 30082568%°0—-12%€) 90 30u9BiyS1*U-(1‘E)
— Y0 J00650L0Z 0 (9°¢) S0 3C005¢49E"0 15*2) 90 3006c88ck 0-(2 ¥V %0 30082668%°0=(c*¢) 60 J0u179592°0 (<< 8D II00Eerrro-(1°¢7

) U 300€¥0695°0 (7*i) %0 30098146 1°0- €% [) 8G 30CUE2grrto-i2*i) L0 300%%3158°0 (1°1)

20 00212221°0-(9°1) ¥0 300TL099L70=(S

X|J}BW 80UB}JBAOD

A7 Ve A e A

p 1L 30 1¥VIS HL 1V X141YW JONVIIVAQD ="IA-V T18V1




baa)
o

*171 bugpsda.d sjuans ayj jo

. |:°_E_._um8 e Ioj A-Y m_ns uo Jaqunu Xidjew aduelleAod m...:. muwue._
' . S

(2] wchmmcmh-Claw.ov \0 3006€¥eCE°0 .u.@-
p, -

L0 woocmwrmN-OI.N Y} ou woc—hwemwoo (x t- b4
. . - : H
Gl 30035¢ceve®y .N.N. 60 wOOmoomN~.0l—~.N-
hd 1) 20 323525900°0 {141}

20 wOOmnmthoel.o.N. (1Y wOOOQOONOoo —m.- L9 wooemNFQNoOI.t.N_ S0 woomeCaN.o .m.u—

. . : (£49) 20 30G369962°0~ 1a£82°0=11491
20-3008L09%L°0 (9°s) 10 300089182°C 1s°s) 10 300220L89°0-t9%G) 10 30UCEUELT®0 (eS8) wu 3004L9c7?% (2°6) 70 F0USSUSUE*O-LT4S)
- MY hd hed nbv\np|hhrmbbwmncrb|b|bul»»|ublmpphwmwmm\p (£49) w:\wb:hncwmm.:u_n.n.‘wp‘ucuwwromr\csbwlw» I

v0 3660€9101°0 (9°€) 10 3002£0861°0 (s'E) 10 300€18166°0 (9%€) 90 30u9%06lvc0 (E4E) 90 J0UL09%268°0-(24E) %D 30UZ8BEET*O-(1'E)
20 300969969°0-1942) w0 300L/¥Z9¥°0 (9°2) GO 00 ZOIEE C-19t2) w0 30009¥ZA8°G-1E*2) ol J00GEAGUL D _\.N. g0 300£282T€°0=1742])

10 300Z19ER¥°0-19°1) %0 3005S0S0E*0-15*T) S0 FOUTSLOBEV (951) %0 300886€1°0-1e*1) BV 300€28L1E°0- ~(2%1) L0 3006L698EY°0 (1°1)

10 30062%01€°0 (9°9) NelwooomOOONoOI-m.o. 10-300L21L6€°0 (¥*9) €0 J00E98LEE°0-LE*Y) TV 200E€2069°0-(2%9) 10 300JLLEBE®O (149)
Illle"WbbbhbDPNo:l-o.n- 10 3008401410 (6462 20 200062 681°0=(986) U0 30026086420 1646} 6L 12 19C1%0 1246 ) U Biviie bl O=il 6

—OleOhNuhom.o .o.c- 20 300962681°0-{S‘¥) €0 woohomw»coo .t.#- <0 woo~m¢0m—.e|.m ) 90 wcocummmﬁ.o'.m.ﬁ_ 49 woc*ocwmtoc .ﬂ-c.
. ) GE9SU 9 G b2 c L

o1

20 300££2064°0- .o.N- 0 300L21951°0 (s*2) 90 woewwmwmh.el.t.w_ g0 3IV0EBBSSI®0 .m.N. ou 3IGW0TILS9"0 (L°*C) 80 wQthppmn.C|.u.~. -
Emotwoolm:rnb 300%6886%°0 L1} €0 300481186 °C=(e*1) uU 3002L 1186 °0=4241) 2u 30008930 41T

Eob (6%9) 00 300611821°0 (+°9) €0 100 (10986°U (€49) €0 30u91ZZeT°0=4L49)-
Nonmoevcoooc.o .o.m. 10 mooocmoﬂc.o .m.m. 20 300€18285°0-(¥*s) 00 300¥Zac€ec*0 .m.m. S0 wocnoe¢»¢ 0 .N.m. 40 wooﬁrconw on.a.m. -
€0 3001T0986°0 (9°€) 00 wooemnnnNoo 16%c) 10 J000ESOLE®D (¥°€) 90 3001590c1°0 »m.m- %0 woc-—omom.o .m.m. €0 3000s5E501° ol.a.m.

£0 EUD—NNN—QDI—WoN— S0 anbDOOt~tlD 1642) 40 2100896G92E Q-4 9%2) 0 100116506 0-4€42) 01 JUL268GLZ %0 (L8 60 =coupteiltonll i)

10 30061£601°0-(94T) %0 30012u0L5°0-1S* 1) 90 300€€vey1°0 (%41) €0 30U0SESOL*0-LE*T) 60 JuoureeT1®*0-12°1) L0 mcoooom—o.o 1)

00 200686291°0 (9°9) Z0-300€58825°0 15*9)
. D . ‘

wOlwcooumoom“o -c”w. €0 weoamcrhm.o .m-o- 14Y] wcomm—»mN.0|.N.o- 10 wovw—m¢mm.cl—~.o_

; -e.woooomoen.o 19%%) 10 300L90909°0-(5 %) ¥0 30095142170 (v49) 0 3000201€5°0 (€49} L0 36upI 1y0120~ —(2%%) S0, 356291 3%°
: «uz‘wbrnwmnmuxb\»hxw»;nbepowmwmro»hrbu|h;;

! No WOQanPnNoOI-o 82) %0 wcooocotmoo ts42) Lo 30uY9TH01I°0-(¥*C) W WOOONm¢m¢oC|-M.A. 60 3JLUBSIEGHBO L2*<) 8O I0usZ6S6E*O-(T142)
w~fmpxwupwn»mwn|b|hn\up|up|wvummwm»hrk~‘bw¢u»|mb|mbcmwpwmmnbxbn|»p:»c|mccro»nmm|;rauxu;l

-
vf
-

o0

‘9)
30099929670 (2°'S) 0 3VUBOUBIZ0=(T!S)  — ———
0-g2¢ TR
.m. 3 300020091°G (#°€) %0 300449210 (L*€) %0 30066EZIL*0-(24E€) 20 3002sL6E670-t1 €]
L s 200668216 °u-1£42) ou 300099262 °0 (2%2) 80 3uul6%.2€°0-(T*2)
S 30052€L6E°0 (#01) 20 30026L0€6°u-(€41) 80 00L6¥LZE*0-12°1) L0 3002LE0TY°0 (1°1)

X1JjeW 39UBLIBACD T T AN

- hd - : Ev
10 moo~hehnNoc .m ‘s) 10 woocmombmo0|.¢.m~ 00 3008L0€12°0 (€*9)
. 3

Nclmccno-oooo _o.m-

€0 wOoemmchmoo .o.m. 00 wooohcm—moo (s

10 weom.neou.ou.o.u. 0 moonocoou.e-.m.

g PeNULUOY - "TA-V TEVL



*11L Buipasasd sjuaAa ay) jo
uoNdiI9sap B o) A-y 9JqE} UO JaquInu: XLJjew 3OUELIEACD 3U} 81ed0T

\ﬂduudddmwquqc\.dddeiﬂclwoocnmmaﬂqdldwwqq\qd.uoonNMMW.cndmAQAENQtuddeﬁawmnQ\aﬂaaﬂ\ﬂo‘momﬂo-H«.o‘4~.o_ Naxuquumemm.ulﬁgwqg
10-300986296°0 (9°G) 00 3J0696LL%°0 (5*S} 10 3U021L16%°0~tv*G) Z0 3008950G%°0 (£46) %0 30069L%6€°0 (2°G) €0 230069L85L°0-(1°S)
00 300YSTEYS~U=T9*%T 10 300¢TL 5% 0=15"%7 20 JOOLO06EY% 0 (% %7 €0 300511852 U=(E*7) CU J66¢CBIBE 0-12 %} %0 300298¢cel 0 (17%]
20 3002999%S°0 (9°€) 20 300895009°0 (9*€) €0 3009..892°0-(%'€) 0 I005591e1°0 (e*€) 90 30025L5%2°0 (e*€) SO woosm&mwwwmu.ﬁ.m_
€0 JUULOLLLY 0 (%) %0 30069L%6E°C (5°2) S0 3662¢alB8E 0-1%7C) 0 J0076L652%0 TE%2) 80 300%C68EE*0 12%2) 10 3006<¥0%9°0-

20 300092688°0—19°1) €0 300692y52°0-{S*1) %0 3002982¢Ll°0 (%*1) SO 300L0%66%°0—(E* 1) mm\mOoom¢o¢o.0|.~.H. 9 300501¢21°0 (1*1)

. t9) QU 300L92591°0 15*9) 00 300C6TI€1L°0C=-(%*9) 20 30069985%°0 .m.o.\Mb‘choccumwwmx.Wwwwxmww&WKWMWON.pnww»wr

.ww wmmmmmmmwam\“mqmw wa‘wuoowmguwmaxﬂwamquaﬁﬂmddd@ﬂﬂmwadn_<.m. 10 3008%%L€E 0~-1£°G) %0 30002LL9¢°0 (Z*S) %0 wooﬁoomﬁﬂno'.—”m_
00 300261€12°0-(9%%) 10 JUV09GYE=0~-1G*y) 20 30088L%2C°C (v %) O 30091%¢6L°0 (£4%) mo‘woo_omoowwon.“.w. 0 woo«mﬁwwm.o\;d )
20 3006998550 (9%¢) 10 30089vLeE 0-16 ¢£) 20 30091%c6L°0 (7€)1 S 300%6000<70 (€°€) 50 30066€¢89°0-(2%¢) S0 wooﬁmqmﬂﬁ.o .ﬂum.
€0 300999%09°0 (9°Z) %0 3J002LL9€°0 (s*2Z) SO 300165061°0-1v*2) %0 30006£289°0-(€42) 8u 300199191°0 (242) Lo wo¢mw~co¢.cu.~.~.
X0 J00L68202°0=19° 11 %0 300196611°0—-(5° 1) »0 300281645°0 (% 1) =0 S00TERSTT 0 Tev1) L0 J0056106%°0-t2 11 20 30019198170 (171}

10 3009664 11°0 (9%9) 20-300%EH068°0-15*9) 10~3JVUJESEELY 0 (¥*9) %D 300L6E92T1°0-1€49) 20U 300UcBUGS2*0-(2%9) 1D 3JU7LLbE®y (1%9)
; 20~-300%€%068°0-19%5) {0 3UV6ZETHG"0 16°c) £0 36612%611°0-1v4s) 20 Juuvlleli®u (E*6) 90 HGuaTuZOT®0 (2%q) %0 IuORIGOUR*G-(1%G)
10-300ESEELY°0 (9°%) €0 360L27611L°0-(S%7) %0 3009%6%1€°0 (°¥) Z0 3FUVLZEBLBU-(r*7) Lu JuusBolYZ u—i2'%) 90 30098008 (%0 (1%9)
90 300.6€921°0-(9%€) 20 3v0¥9L911°0 (S%¢) 20 3006LE8E8°0-(¥*c) L0 3669 i70E 1% (E£%€) _9U 300800Y9L°0 (2%E€) 60 d0002911T°u-41%k)
20 300€6055%°0-19°2) 90 300510ZulI®0 (5%2) L0 300SBELIZ0-(%*Z) SU 3I0VUB00IBL®O (E€'T) Ul 3uL0SCEZZ®Y (C*<) 60 JOUL (LES(*0-1T*Z)
10 30091€6£8*0 (9°1) %0 wcocrmoom.clhmuwpxwb1ubbNnbcmhhbibkhwp!hcxwththwbHHhcthhhb\bb\kbbﬁhbmwwhc|rhmhruﬁﬁhﬁrm%us—»Jc\bbuwhw

6 2491 £0 AUUPESc® 0 (x*9) Z0 A0UDZLBBL*u-12° 5 ]
10 30019092270 (§°5) 10 3UU6ZILIL*G-(%45) %0-300.21EIT*0-(E%s) w0 30009 <oLy " “Mﬂmw‘wu‘wwmwwwwmwmm-ﬂwwww
- . LLEL110=1£4%) 9u 330693108 u=(4 %) Su 300L6rur®y (16
90-3001ZTE91°0-(SE) 10 30090LELT G~ (% E _ sy So0Weiiuna ATt)
“0-s* LELTC-(v16) 0 Goos9Eesory (€16) €U 300195L07%u=(2€) Zu Jooluirel®y (14€)
‘ L .

10 300919621°0-(9°T) %0 3002645292°0-(S*1) SO 300L6LE0%°0 (%°1) 20 3662G€e1®u (E*1) BU F0ULBYLEE*U—(2°1) L0 JU0Lealuy*d (14T)

Z20-30050260%°0 (9°s)
- ]

€0 300%€626%°0 (9'¢)
. L]

10 300296421°0 (9%9) Zo-31¢ 3 P
=310%€L606°0~(S* - - — B i
20-310%1606%0-19401 5 w=s>3r~ww.m (S29) T0-300SL66L2°0 (99} 4U 30065E821°u—1£49) Zu J00EL0662°0-(2*S) 10 300996156y (149)

(92€) 70 3000i8608°0=(u'y O30
10-300$18642°0 (9%%) 20 $208) O S00ILHBLL . (€46) 93 FuLUtle6e "0 (Z%0) Hu_ 304 »
o s 4 wccoh¢o¢¢”0|.m“¢- €0 uoommbhmo“o (%4%) 20 3000206L%°0~1E*%) U uooch¢mbno|.n.wv Mb mngM»mm“”w ”M“Mw
. ” > = -
20 300€10662°0-(9°Z) SV 30001180 °6 (5°2) 90 3000, = o D692 100 (E0€) 0 JuULi9en®0 (¢ *E) SO FOuuEs9UL u-LT%€)
+— 10 J0099G198°0 (9410 40 3Q09%78%°0-(5*(} <o ummwmwwmw.mcuw.M" MM AN SO L mcoon'www.o 140¢) by Joueogistu-(17¢)
LOUES0T%U=Le41) 33 300866 LNEY PANS EVNEENTA CUYT LA S K1 81

- 0 hd L 2%u_tets JUALE BN T/EE VIS A FAGIVEI WEL R §
20-30012Z1€0%°0 (9°S) 10 3CU¥9¢9TI°0 (S5°%9) 10 300E19L9S°0 (H*S) [w-30u9i9991°%u-(E*s) »u F00168L8S"0~(c¢*S) €0 a00ETBlOBU=(1°S)
10~-300009082°0 (9°¥) 10 3u b d hd ¢ 2o 1al%U=4et2) 90 _3u09U02bk a1 *U=lcty) %0 34 6LES U (149)
€0 300€0998%°0 (9°€c) (0-300919991°0~(S%€) 10 30UrCHYTIST®O-(¥*E) SU 300UoclIZ6°0 (E*E) €0 30099109 T°u—-(c*e) 2u 300d8wvylcu (1°*¢t)
__ 20 AR9£006€°0-19%2) %0 I0QISHIBG*G-1G*2) 90 300U9028¢T1°0=4u*Z) 0 J0U9YI0RI®U={€*2) ou IUUGBEHZI®U L *2) LI 30Ul LBl ou=(T142}
10 I00TESYZT®0-(9*1) EO 300€18209°0-(9*T) #0 3F00EBEHLEU (¥*1) 20 3uLBBYYIZ 0 (E*T) LG 300L9€082°0-(2%1) &4 AVLUDLYULy (T°T)

X1JJBW 9JUBLIRAO)

p PANUNRUO] -*TA-Y T18YL

81

i

91

a1

4!

€l

JaquinN



'35

*|11 Butpadatd syuaAa ayy Jo
u0)3d11953p B J0j A-y ]GB} UO JBQUINU XiJjew aJUe|IEA0D ay) aje207 ,

)
-~ Y0=-3001ZE5L970 (9°9) T0-3006€8€986°0-14"7) ﬂo\wQchAdMAJd\AMddA?Nd\uddﬁdmMHdAQMAMAdQ1«o Jo6116#TT*0-12%9F €0 3009¢1651°0 1*9}
10-3006€8€96°0-194S) 00 I00L9EIEL®0 (&*S) €0 300868601°0={%*s) 20 300226€%8°0—(£%G) %0 300061898°0 (245) %0 3009269Z1°0-(1°G}

10— F0URZIVF T U (9*%T ¢0 300668601 0=15" %] T U JOUGE8YYT U (7°%) %0 3J0090C6Z170 TE€*%Y 90 J00GeBIe1 0-1Z %) &0 JOVITGCe 1 Y (1I°9]
20 300698618°0 (9¢¢) 20 3U0ZL5E¥8°0-(6*E) ¥0 300902621°0 (%%€) 90 3004L6%L%1°0 tete) L0 300918001°0=124€) 90 300€2¢9%1°0 (i*e)
¥0 IE6LTET LI 0-19%F %0 JoO00SLE98°0 15°¢ —g0 300G2BTET 0-19"C) 0 300918001 0-1{€ Y 60 306EHTHOT 0 TZ*Y 80 3000TIZS T 0-11* 2]

€0 3009€1691°0 (9°1) %0 3006269Z1°0-15%1) 0 3004¢5261°0 (¥*1) 90 300€229%1°0 (€41) 80 300011251°0-(2*T) L0 300L692¢2°0 (1°1)

00 300202192°0 (9*9) 10-3209%<09E°0-159) 10 300¢%6€91°0 (%*y) 10 30092e2Z%2°0-1{€*9) %0 3001481E€T1°0~(249) €0 300%0L9¢1°0 (1°9)

T0=300%%209t CI-c.m—\dcldeHJﬂd%HJQNAMdﬂq1AdyuddNﬂNﬁdﬂidﬂﬂmﬁmqlNd\mdddﬁﬂm«a.u 1€%6) »0 3009%0824¢~0 TZ*SY €0 3J00BCTIBEE 0-(T1°S])
10 3002%6€91°0 (9%%) 10 30028Z%%&°0-(s*Y) €0 300608901°0 (7*%) €0 300816L1%°0-1E*») SO 300€19298°0-124%) SO 300061001°0 {1°Y)
\IddlwdddeNdNioﬁdﬂ#ﬂqiNc\uddﬂddmﬁﬁtdldm4ﬁu;Mc,MddﬂANNAMddHaddﬂ4iﬂq\uddﬂmm«NAqdﬂJﬂAm. 90 mcodeNdﬂJAjAdWﬂJ&ﬂd\uddAMHaﬂ«ddﬂdﬂ#ﬂﬁh
0 3001281e1°0-(942) »0 3009%08L2°0 (5°¢) SO 300£19298°0~(742) 90 3008.04€€°V e*Z) 80 30002L969°0 (£*2Z) L0 300452608°0-(1°2)

€0 I0USULYE T U V9* T £0 J008ZIEet U-{%" 11 50 FJO006TO0T™0 (5¥ 1T &0 300T6L8I7 0= (&* 1T 1U JOULGC6IE 0~ 1Y 90U 300LcelG%6"0 T1°1)

:qd\uaaAanﬂadd‘.aqnq\qqxummawcmﬂdddwawa°qwao:MQQMN«mmﬂ.qndmauq €0 J009155¢L°0 (E¥5) %0 3002805510 12°9) €0 3006606 T70-(T 9}
00 3669€6651°0 (9°6) 00 20012000L°0 {5°s) 00 300296206°0-4Y:5) 20 300%Ev998°0 (€%¢) €0 J00851L1L°0 (2*5) €0 300££0981°0-(1S)

YO JOUeYIE T U-19*%) 00 JO0CT6L06 015 %) £0 3005294170 59T %0 30067497  0-(e* ¥} 90 J002T8CTI°0=12% %) %0 300LZs6BYL°0 {1%%)
€0 300916%€L°0 (9°t) 20 3009€v%98°0 (9*€) %0 30029%L8Y°0-{%*E) 90 3000205860 tgf€) L0 30090819%°0 (2¢€) 90 300€29962°0=~(1¢)

$U FOOLV0SYI°0 (9°2) €0 3I008STZTL™0 15%2) 90 300Z182T1°0-1(%»*2) 10 J0090819%°0 (€52) 60 3009¢5T01°0 12%2) 10 300v2€4w9°0-(1°¢)

€0 3006£6061°0-(9° 1) €0 300€€0998L°0-1G* 1) %0 300L188%L°0 t941) 90 300€L9962°0~(e*1)} ho:moo¢NMNmo.0|.N.~. 10 30019242170 (1*1)

10 2002£5861°0 19°9) 0O 300922166°0 (s*9) 10 300298547°0-(%*9) €O 300%06551°0—-(€*9) %0 300€6%11%°0 (249) %0 300920011°0-(1'9)
— 00 300922166°0 (9°%) 10 300286S8L1°0 {a%5) 20 300608101°0-(%’s) 20 30062668%°0 (€49) %0 300891926°0 (Z%5) %0 300%80L12°0-(1°S)
10 300298599°0-(9%y) 20 300608101°0-(9%%) 20 300821628°0 (#°%7) %0 30011%611°0-1€*y) 40 w@@h~000~.0|.m.«- G0 300%L1s€1°0 (1°%)
€0 300%06551°0-19°€) 20 300a2668%°0 15°€) %0 300116110~ (7:¢€) SO 30078%858°0 (€°€) 10 300661601°0 12°E) 90 366£e5101°0-(1%€)
90 300€69L1%°0 (942) %0 300891426°0 (4¢2) SO 300L10992°0=(%%2) 10 300661601°0 1€42) 80 3006%%¢lL°0 (242) ¥0 3o0LZLeci o=(1e}
—%0 30090011 0-19° 1) %0 J50S80Z12°0-16°1J 40 3J005ITSeT’D T5%TY 90 366tco101°0-1€* 1) &0 J007¢L221 0-12° 1) L0 3008%8512°0 [R44 4]
T0-300525162°0 ({9°9Y 00 J66€2L8Z1°0={%*9) 00 3009¢6€9%°0 (¥'9) ¢0 300519%02°0 (€°31 €0 30Ce61eZe°0-(2%91 &0 30088255170 (1%'9)

00 366£24821°0~-19%5) 10 30048%682°0 (s°'s) 20 300659901°0-(%*S) 20 30069961670 (€4s) %0 3000%0:98°0 (2%g) %0 30019e6%€°0-11"'s)
—00 J00JL6EIY 0 (9° %1 U 3JOUGYIOT U-{5*%] 20 JO0STYGEE 0 (9°%) <0 300169%Ec 0-(c 9V G0 I00¢e102¢°0-(c* %1 G0 30000162170 TT°%%)
20 300519902°0 19¢€) Z0 30059%516°0 (s‘€) €0 300L696€€°0~(%*€) S0 300206605°0 (£4€) 90 300986512°0 (Z°€) 90 30)%08901°0-(1%)
€0 300¢6TELE 0-19°CF %0 3000%0€96°0 {<¥Z) 60 300€ET0CE G-{7°C) 0 J60985512°0 (€521 80 30045264270 (2°0) §0 30028990 1°0-{17%C)

€0 300884651°0 (9¢1) %O 30019€6%€*0-(5*1) SO 300001621°0 {%41) 90 300908901°0-(E*1) 8O 30028%%Q1°0-(2¢1) L0 30010c€C»°0 .aMMvw

10-3009.2928°0 (9*9) 10~

300192s12°0 (5*9) 10-300%21€15°0~(%*9) 10 30080L%8L°0 (€49) 20 3000€89%e°0 (2'9) 20 30084%8B12°0~(1°9)

— —T0=300192%12"0 (9*5) 10 JOUZLE9ET"0 1555y T0 J00CE6RBETU-1%°5 T 20 J0055TE96°0 (€°6F %0 300e5T6¢C 0 (276 %0 J00TLe6L1 0118

10-300921€15°0~(9* %)
10 300507%8L°0 (9°L]}
20 3000€89%€°0 (9°C)

10

3002€688€ *0-1$*%) 20 3000€2211°0 i7%%) 0 300261492°0-(e*H) 90 300888¢99°0-(2%) %0 300159014°0 (1%%)

20 JUUYGTEI6 "0 (G €Y €0 J00CETLIZ 0% E] %0 J00%%GIET 0 1e*€¥ 90 JV0CB955T0 TP Er 90 300552521011 €Y

40

300€61622°0 (5%2) %0 300888€99°0-1%42) 90 300269651°0 (e} L0 300492460 (2¢¢) L0 300808 00€ *0=-(142)

20 I00OWTYEICU=IIT 1}

%0

FOOTIXELI U=(S* Ty 70 30019015 UG T 90 J006%C e U 0= (e 1T LU JOUYOB00E " U=(C* 1T LU 3568717t < U (I°1ry

X1}1eW 80UBLIBAOD

g Panunuo) -*|A-Y 18VL

€

144

12

0¢

61

JaqunN



36

— T10-3004€9€26°C

20-300L2e222°0-(9* )
0 I00EILLST® U (9% T 10 J00L6GCL5 0-T157%7 70 3006262660 (%*%7 %0 300580110 €* %) 50
20 3000%065¢°U—19%e) <0 3008%isol 0
—-—gp 30000Lu2T*JI-(9'¢) 0 3005€evsy”
20 300%1sL0270 (9*1)

(y49) 2o-3ouLzedaL o~(s'9

0O JUOIIILGE®C (uty) 10 400L604L5°0=19%5) 20 3008%160L"U-(E4S)

30066€825°0 (t*t)

TIUGLY0LSe 0= (£ Q)

vo 300660121°0 (H%'x) SO
U 30U000E62°0-T%72)
6gs11°0 (7¢1)

-ts'e)
0 (s*2)
L0 300229€89°0-15*1) s0 300s

90 3006%0L55°0
4U 3000e09%29°0
50 30022767170 (£1) L0 300257L

(¢ts)

*|1 bujpasa.d sjuars auy Jo

1242) 10 30025%L16%0
16*0-(¢* 1) pcxmﬁmommomg.o:eru—,

uond5ap B Joj A-Y 3|qe} U0 Jaquinu XiJjew adUBLIBAOD 3U} 212307

) 00 400evILs1*0 (%953) 207 3000%0692°0-1e49) w0 30000L8¢1°0=(<*9)
%G 3006€e%5%°0

J00060e8L°0-(C*%
—{¢*e) 90 3302lchbY

FABERFCACTI AR G
€3 30u229tu9®I-l1°%G)
5 300565 N) 0
1°0 (1*¢)
I-(1¢2)

00 300426L11°0 (9°9) ¢0-3002¢bve€ "0 (549) 00 3002260¢€°0 (%*9)
—Z0-3002E6%E€0 19%9) 00
00 30042602€°0 (9%}

IO 30066010567 0-19%¢) &0
€0 30061L2T€°0-194¢) 70 30006%66¢

350%L9196°0 (6%6T 10 500682Lve 0-(%"s)
tu) 20 H00%9L862°C 1%%7) €0 300be9w1t*U
3306519%c *0=(5°cV €0 uoammuﬂﬂﬂao:ﬂm.m.‘wQ\udoamdsmm.o‘
*0 {9*2) SO 3000ST192°0-(v'c)

10 300682L%E°0-1S

ZU 30098%6E 1°0 1911 €0 3J00%9SLLL”

— T T0-300656¢8570

00 300685L61°0~(9¢S)

‘1991 TO 300685L61°0-{5*97 TO 30000T09C "0 (%

O-1¢™ 1T %T 30064986%°C (7°11 S0 300851067

00 30069¢268°0 (G6'4) 2V 300689911°0-t%*s) 10 300.%0¢0¢°V

TU JU000T0YC T V9¥ 7]
10 300%0266€°0-(9*¢€)
%0 366589t ¢T0-19%2)
62¢°0 (91}

€0 30016L

20 3008899117015
13 3004020270 (>
60 300L9€001°0 {2V 90 300825¢CET”
»0 400Z8LLYI°0=(S541) SO 300890661°0 (¥

s€) 20 3I009278EL U~t7‘tc) %0 300%%e96%°0 (€€}

«0

0=(%*21 S0 I00E0%502°0 (E%C) 60
4T) %0 300L18%61°G-(x*1) 80

[0 300660L5€°U=(€9) £0 30051221e°0-(2%9)
70 3006%19%7€°0=-1(e%6) %0 30006%66¢°0 1E46)
(E£%%) 60 300081192°0-12%%)
{£7¢) 90 FJuossUsZ 00—t
90 3006$4062°0-(£*2) BU JulcE18EC*0 () Lu 3004 0%0e%°0- (142}

2% ) g0 300¢8S

20 30098%6£1°0 (149)
€0 30069SLLLY0-1T%S)
%0 30055986%°0 (14%)

70851060 (1€

Gy 10 300%0266€°0- (€29} %0 366989¢22°0-(¢
(e4y) 90 F0ULYEDOTO (¢

5 {E¥TY L0 J0050%0€%°0-(Z7 1) L0

366£9501(°0 (1°1)

49) €0 I0IT6L6CESD (1)
sg) %0 30026LL%1°0=L1°%s)

5} ¢ 0 J00080%ST0 (7°7F ZU JOUYCHET T U- 187 7)1 90 JO08TG LT 0~
3C0E09%02°0 {

TZ*7) S0 J008B30561°0 (W]
2%€) »0 300L18%61°0-(1°E)

300466 [T*0° (2%2) B0 F0088LL9T =117

30088L291°0-(<

SY) LD 3002191920 (1*1)

10-30065€42€°0 (9°9) 10-300L9%¢s1°0 {549} 00 36602L162°0-(%*9) 10 300¢%Z8cl0 (£49) €0 3009%6602°0 (2*9) <0 3007 1avse 0-t149})
———10=300L%%¥T%1°0 .owﬂq\od\uooﬁwmmmw.dtdﬂ*ﬂq:ao‘uqumcd¢m4d|~¢4wu‘AG\NQOmamumw.cnﬁm.m. %0 100CEEBBZ 0 12'G} €0 30059659%°0-1T°*5T
00 36602L162°0-(9*Y) 10 300L699%€70-15%Y) 20O 4006519£5°0 t%°%) €0 3000481G1°0 (e*%) SO 30U092E599°u=-tZty) w0 4000€180L%0 (14%)
\1\4d\ﬂd0~«~d-dc\-o¢ﬁalﬂqiudoaamam~!dhdm#ﬂq\mo.deammAdA4o\~¢4mq\dulmdc~ﬂmawpqd\4n.m_ 60 3J008S9.%80-(2*¢) 60 300TIseh 170 1Tse) -
€0 3009%6602°0 (942) %0 300€€eBuC "0 (9*2) S0 30092€599°0=(%*¢) @O 300899L%8°0-(£*2) 8O 3009¢009e 0 (c¢*d) LO 300e89486°0=41°2)
¥ w0 3000eTs0C"0 (71T S0 IUUZISEST 0 TE* TV 70 300LEIEEs "I-1C 1Y 993 30066t 1960 (1717

Z0 I00¥TE55E U=1Y

1y £0 300596597 V=15

JuuvL1501°0 (¢*9) 29 30 JT69802°0-11%9)

~= J0-J00€9TEEE 0 (9°9) 20-3008L5526°0 (5%%) 00 J0UCSEHe T G-tw 49 ) T0 300608950 (€79} «C
20-3008L9526°0 (9%S) 00 300865%0£°0 (§*s) TV 100ZHLPLE 0= u) 20 30091€es*u—{£45) »0 J0UJ0E18C0 (2-w)
00 J00EGE52 1 0=19° %) 10 JOOZHLHEET0=-(577) <0 J0009Z56E~0 (557 €0 3J009€v0l10 (€¥%T S0 JOULL6Tee " 0-1¢*F
10 300808€%6°0-19%t} 20 30091£61°0-(s*e) €0 3009e%0L170 (v*e) »0 300¥LOZE9°0 (e'e) 90

~TE0 3009L150T%0 {9%2)
20 400£69802°0-19* 1)

10-30060L1€5°0

10-30042105¢°0 (9%G) 00 J661L6102°0 (5*S)

00 300061649°0-19%%) 10 300418208 °0—(s*y) €0 30012€0%1°0 (2%%) %0 3004%S601°U (E*%) YU JG0Y9wn21°0-12*%) S0 30016Z4€1°0 (14%)

JAdeomou_mdqcn.o.m.\Noxummwmwmwm.cl.u.m.\ﬂcxwaahﬂmeﬂ.Q:.q.m.\WC 0069110 (€4€) %0 300251€96°0-124€) 90 300%%2%01°0 (1°€)

€0 300LL45€09°0 (9°2) %0 3309L09%4%°0 (S*2) 90 30099%%¢1°0=(%*¢) 90 300251€96°0-(£2) 60U 300¢0%011°0 (2*2) B0 366010021°0-(14C) _
Tes 1) 80 366010021°0-(2%1) L0 3008061 1°0 (1°1)

(9%9) 10-3004¢106¢°0 (s*9

“16%¥Z) S0 300LL6TEET0-7?2) 90
(s*1) %0 3006960970 (v*1) 40

% 30096818270
£0 3008142€5°0-

) 0G 300061649

10 300%18205°G-(%‘s) &0

300965¢26¢

300LsEevTé0={e*d) 8O
300191%8¢70 (£*1) Lv

*G-1%*9) 10 3008021:9°0-1£*9) €0
S0-(e*s) %0

Lo 3008 1%2£5°0-L146})

25 %Y %3 3006.760970 (1*%)

30005€€%1°0-(2*€) 50 300191¥8¢ 0 (1°€)
3006556120 (¢4¢) L0 I00TIEET4 0-TT22])

JO0TILETS 0=E24T) 90 30076099670 (141}

3004L5kU%"0 (2°9)
3009L05%9%°0 (2*S) 0

290

300L181L9°0-(1*9)
300Z€Leby 0-(1°%g)

i 76 300LTRTIL9 0-(9%1) €0 T002€cE67°0-16°1) G0 3001625E1°0 {%%1) 90 300%%2%01°0

X1JJeW dJuelIRAOD
g PANURUOY -"IA-Y Tigvl

0¢

6¢

8¢

A

74
Jequini



37

**174 Bujpadadd syuaAe au} jo
uofjdiJasap e Joj A-y 91Qe} UC Jaquinu xpjew 8dUe]JeA0D 3L} 8107 "

“~T0=300EL6%5Y 0 (9°91 U0 JOO5TOTUT 0-(5%9]
00 300%10T0T1°0-(94S) 00 300%%1809°0 (sts)

[0 J00LSI%GE"C (5*97 20 J00EE99LT 0-1E*9T %0 J00559%62°0=12*9T 0 3J00L%00€C0 88420
20 300892112°0~1%*s) 20 30069%091°0~(€45) S0 3008685L1°0 {2*s) %0 300ZyLsE1°0-(1°G)

YO JUTIEIYSE 0 (99T U JUOVILTTCT0-1577])
20 300€£99L1°0—-(9%€) 20 30069%091°0-(5%¢)

U JU0ZESE5 U 1% %1 €0 JO0EEYHEE 0 1c %1 90 JO0CUETE 0=(Z* 77 50 J0U565¢8Y 0 (L°7) %
€0 300889%6€°0 (v*€) O 300TEI€l€®0 (£*E) 90U 3002Z%1£2€°0~-12%€) S0 300%12982°0 (1*E)

0 300599962 0-19°¢T &0 JOUBERSLI™0 (5°CF 90 300Z0ETR9 0-1%°CT 0 JO0ZHTEZE 0=(E*2) 60 30066952570 (Z¥C) B0 300510109 0=11*Z)

€0 300L¥00€£2°0 (9¢1) %0 30024e6e1°0-ts* 1)

0 300%6928%°0 (»*1) S0 300%L2962°0 tetl) 80 Moomwm—OQ-OI.N.A— L0 300€S8L0€°0 (141}

10~-300$90865°0 (9°9) 20-300%S€T1LT°0-(5*9)

00 300212%21°0 (7*9) 10 30095058¢L°0 (€*9) 20 300€00%L6°0~12%9) 20 3002695110 (149}

Z0-30095£1L1°0-({9°S) 00 30086%75%68°0 (s%5)
00 300212%21°0 (9*¥%) 20 300955801°0-15%)

Z0 300956801°C-(%*s) 20 300L21v18°0-1€°5) 0 30045€698°0 (Z*S) %0 30080€LET1°2-(1°%S)
€0 30089SHY¥1°0 (»*%) %0 30024L201°0 (€'%) 90 3008L9511°0-(2%%) S0 30096L081°0 (1%%)

10 300560622°0 (9°€) <0 J00LTTHTE70-(s%E) %0 J002LL201°0 (% *€) 60 J00%969L1°0 (E'E) 96" 300€5 1628 "0—-12°€) 90 3J0060LEET°0 (1°C) 1€

20 300€00%26°0-19*2) %0 30065€698°0 (s*2)

90 3008L9511°0=(%*2}) N 300€41628°0~{€4¢) 80 300€8.6¢6°0 (z*2Z) 80 30000L%%1°0-(1%2)

ZU 300259 STT 0 19°1) %0 3J0080eLET 0-1571)

~

%0 300951081°0 (»°1T1 90 30050LteTl’0 T€* 1Y 80 30000L%%1 0-12*T) tv 3001y eee*o .u.ﬂ~HMMﬁthw

X1J}Jey 39URLIRAOD .

GPEPNIOU0D - | A-Y TTEVL




APPENDIX B

TRANSLUNAR INJECTION MANEUVER PROCEDURES

39



k1

APPENDIX B
TRANSLUNAR INJECTION MANEUVER PROCEDURES

Reference 5 describes a program which propagates a covariance matrix
through powered-flight maneuvers., The following are the main inputs to

the program:

1. An ephemeris of the maneuver containing time, position and
velocity, thrust angles with respect to the local vertical and fuel
used at 5-second intervals throughout the maneuver.

2. Initial covariance matrix of position and velocity.

3. Variances in scale factor error, platform misalignment and
drift and accelerometer bias.

The ephemeris of the maneuver was generated by the Apollo Reference
Mission Program (ARMP). The navigation uncertainties were taken from
references L4 and 6.

The covariance matrices (appendix A) et TLI sre in the local
vertical system. They were rotated to the inertial system of the ephemeris

by the following transformation (ref. 7).
]
P =C P CT
0 o o o

Where:

Po is the state covariance matrix in the local vertical system.

\
Po is the covariance matrix in the inertial system of the ephemeris

of the TLI maneuver.
D 0
Co 6 x 6~ |=2

0 D
o

0 is 3 X 3 null matrix.
. Ro (RO X Vo) x RO RO X VO
o |§|’ B, x V) xR) Ry x V|5 x5

R and V expressed in the inertial system at the start of the
o o

maneuver.



Lo

The covariance matrix at the end of TLI 1s based only upon
dispersions in the estimated state (actual - estimated) at the start
of TLI and dispersions in the navigation parameters. The engine un-
certainties do not affect the onboard estimate since the accelerometers
integrate the thrust acceleration during the maneuver and correct for
non-nominal variations occurring in engine parameters.

This study assumes that the tailoff thrust profile is built into
the guidance package, and that there is no deviation from nominal cutoff
conditions if the navigation system is error free and perfect knowledge
of the vehicle's position and velocity at the start of TLI is assumed.
The S-IVB IU or CM estimate of position and velocity at the end of the
TLI maneuver was assumed to be the desired vector.

Table B-I and table B-II present formats of the covariance matrices
at the end of the TLI maneuver (table B-III) in the local vertical co-
ordinate system defined at that time.



TABLE B-I.- FORMAT OF THE COVARIANCE MATRICES AT THE END OF THE TLI MANEUVER

Approximate time

Navigation system considered

Time of TLI, of vector update and covariance matrix number
minutes after (if applicable) —10 Ground and 1U Ground and CMP
EPQT minutes after EPOI | No Drift ] No Drift No platform] Platform
(a) Drift Drift alignment alignment
72.6° Launch azimuth; +27.5° lunar declination
131.0 90. 33 L9 65 81 - -
145.0 90. 34 50 €6 82 - -
218.5 180. 35 51 67 83 - —_—
232.5 180. 36 52 68 8k - -
72.6° Launch azimuth; -27.5° lunar declination
86.0 50. 37 53 69 85 - -
101.0 50. 38 5k 70 86 - -
173.0 136. 39 55 T1 87 - -
188.5 136. ko 56 T2 88 - -
260.5 228. 41 5T 73 89 - -
90° Launch azimuth; -27.5° lunar declination
168.0 135. 42 58 h 90 1130 116,
176.0 135. 43 59 75 91 124y 117,
256.0 197. Ly 60 76 92 115 118
108° Launch azimuth; -27.5° lunar declination
85.0 55. ks 61 7 93 - ——
157.5 83. 46 62 78 9l - -
172.5 1T, L7 63 19 95 - -
24k, 5 172, 48 64 80 96 - -

83ee table A-IT for ground track profile.

Pre update was uplinked to the (M, but the values were those
predicted by the ground navigation system to the start of TLI.




L

TABLE B-II.- FORMAT OF THE COVARIANCE MATRICES AT
THE END OF THE TLI MANEUVER

Approximate time
Time of TLI, of vector update Individual error sources of | Covariance
minutes after (if applicable) in| the ground and IU matrix
EPOTI minutes after EPOI number
(a)
Anytime AnytimeD IU scale factor and bias 97
during TLI. Other IU
navigation hardware and
software perfect.

86.0 bg6. IU launch pad misalignment 98
101.0 biol. and drift to TLI. Other 99
173.0 b173. IU navigation hardware and 100
188.5 v188.5 software perfect. 101
260.5 260.5 102

T2.6° Launch azimuth; -27.5° lunar declination

86.0 - IU estimate of position 103
101.0 - and velocity at the start 104
173.0 -~ of TLI in error due to 105
188.5 - S-IVB IU navigation errors 106
260.5 - during the launch and 107

earth orbit phases. Perfect
IU navigation during the TLI
maneuver.

Launch azimuth; -27.5° lunar declination

86.0 50. IU estimate of position and 108
101.0 50. velocity at the start of 109
173.0 136. TLI in error due to ground 110
188.5 136. navigation error and IU 111
260.5 228. earth orbit navigation 112

error from the time of the
update to the start of TLI.
Perfect IU navigation
during the TLI maneuver.

8See table A-II for ground track profile.

bPerfect update uplinked to S-IVB.
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APPENDIX C
TRANSLUNAR PHASE PROCEDURE

The AV cost of the first midcourse correction is computed from

* the following formulation taken directly from reference 8. Given the
particular position and velocity of a vehicle, the AV required for the
midcourse can be computed. The procedure for computing midcourse AV
is based on a simple guidance scheme and, for the present, on the
assumption that the post injection orbit is well known compared to the
expected deviation of the actusl orbit from the nominal.

The deviations in position and velocity at midcourse correction
time (tM) and at some target time t are approximately related by the

following linear expression

X A B X

8§X % cC D X

The deviatign in position is Jjust
= + Y
GXt ASXM BGXM
where X is a three element position vector and A and B are 3 X 3 matrices.

The guidance law assumed is simply that a change in velocity is made at
tM to achieve the proper position at a target time t. That is,

8X, = ASX, + B (aiM + AV), where AV is the amount to be added to make

8§X

+ 0. This expression can be written for AV.

B (aiM +AV) = 86X, - ASX,
=1 N
AV = B (sxt - AGXM) - Xy

Since 68V is taken to make GXt = 0, this becomes

-1 .
AV = -B A GXM - GXM

)




S

The expected value of AV then becomes

i o, 15 [ At
E (B 1A, I) XM e

X I
A 6(X§’ 5‘51) (3 4l T

=1
(B A, I) E |§z =LP, L

"y I "

where L = (B A, I) and Py is the covariance matrix of the position and

E(av, AVT)

velocity at tM. The target time will be the time of lunar sphere of

influence. What is desired is not the expected value of AV but the scalar
Av. This is given by

1
- _ ]2 2 2 2 =
AV = [‘n Oy * oy * %y )] 2
x Yy z
The %-factor is the first term in a series expression developed by

Breakwell (ref. 9).

The target time used for this study was 51.5 hours after the TLI
maneuver. No drag or venting was considered outside earth orbit. The
covariance matrix of.position and velocity at the time of the midcourse
correction is generated by propagating the covariance at the end of
TLI with two-body partials. The ground-computed estimate of position
and velocity was assumed to be the actual vector at the time of the
first MCC.
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